Influence of blasting vibration on young concrete structure is an important issue in the field of hydropower engineering, transportation, and so forth. Based on influence of blasting excavation on concrete pouring progress of box girder in nearby Yesanhe Super Large Bridge, which is located in Hubei Province of China, a method combining field test and numerical simulation is used to study influence of blasting vibration on young concrete super large bridge. The results show that blasting excavation of nearby Yesanhe Hydropower Station induced vibration response on Yesanhe Bridge and peak particle velocity (PPV) on the bridge was quite small under test conditions. Monitoring data and numerical simulation both indicate that PPV of box girder is 1 to 4 times larger than that of pier foundation; with the extension of bridge cantilever casting section, velocity amplification factors of different parts of the box girder have different changes and duration of vibration in vertical direction increases. Three days after concrete pouring, the impact of concrete ageing on PPV and damage distribution of the bridge is not obvious. When vibration velocity of pier foundation is within 2 cm/s, the maximum tensile and compressive stress of box girder concrete are less than the tensile and compressive strength of concrete, so that blasting vibration unlikely gives impact on the safety of bridge.
Introduction
Blasting is a common technique in hydraulic and hydroelectric engineering, highway and railway construction, mining, and other engineering fields. With mass infrastructure construction in China, mutual interference of blasting construction in time and space begins to appear. Harmful effects generated by blasting may threat the existing buildings (structures) nearby. So now we pay much more attention to blasting vibration which is the first harmful effect.
In the project of Shanghai-Chongqing expressway, blasting effect existed on the Yesanhe Super Large Bridge in construction. Cracks appeared on box girder of the bridge as blasting excavation of nearby Yesanhe Hydropower Station was going on. This phenomenon caused particular concern of all involved bridge construction unit and also resulted in nearly a month of downtime. During the downtime, engineers analyzed the causes, and blasting vibration was one of them. Influence of blasting vibration on young concrete bridge mainly comprised vibration response characteristics of bridge under blasting vibration load and the impact of blasting vibration on safety of young concrete.
Over the years, many scholars have studied the influence of blasting vibration on nearby buildings (structures) [1, 2] and put forward safety criterion such as vibration velocity and frequency [3, 4] . Li et al. [5] monitored the vibration of pier in Suancigou Bridge which is nearby Heidaigou open-cast mine and they applied ANSYS and LS-DYNA to numerical simulation about structural dynamic response. Huang et al. [6] researched distribution of PPV from bottom of pier to top of box girder in Xiamen-Zhangzhou sea-crossing bridge project. Bayraktar et al. [7, 8] evaluated safety effect on reinforced concrete expressway bridge, masonry construction, and stone arch bridge based on blasting vibration monitoring 2 Shock and Vibration of quarry nearby the city center in Turkey's east black sea area. Dhakal and Pan [9] studied response characteristics of structures subjected to blasting-induced ground motion. Li et al. [10, 11] researched drift-controlled design of reinforced concrete frame structures under distant blast conditions.
Concrete is a major building material in bridge construction. Some researchers have analyzed the performance of young concrete and influence of blasting vibration on it. Huo and Wong [12] researched early properties of high performance concrete through experiments. Wang et al. [13] studied early-stage strength growth of concrete in outer freezing shaft wall by laboratory and field experiments. He found early strength of large volume concrete grew rapidly and strength at 3 and 7 days exceeded 70 and 90 percent of the final strength, respectively. Lu et al. [14] analyzed influence of blasting vibration on nearby structures and earlyage concrete in his introduction about safety regulations for blasting vibration in China. Chen et al. [15] researched blasting vibration control standards for new poured rock anchor beam in underground powerhouse. Yáñez [16] put forward several methods to control blasting vibration velocity of young concrete based on a hydroelectric engineering in Mexico.
As it can be seen from the above, many researchers have studied the dynamic response of bridge under blasting vibration, features of young concrete, and influence of blasting vibration on young concrete structures. However, the study about impact of blasting vibration on young concrete super large bridge under construction remained little. In this paper, we took Yesanhe Super Large Bridge as an example and analyzed the monitoring vibration data of the bridge (mainly including pier foundation and box girder). Then we simulated dynamic response of the young concrete super large bridge under blasting seismic by LS-DYNA, a dynamic finite element program, to evaluate influence of blast vibration on the bridge.
Field Monitoring for Dynamic
Response There are a lot of fractures inside the mountain and the slope ratio of river cliff is greater than 80 ∘ . 4# pier foundation is about 100 m from bottom of the river and 80 m under the top of the gorge. The bridge in construction is shown in Figure 1 . It is a cast-in-place prestressed reinforced concrete structure. Concrete pouring of the bridge and blasting excavation of Yesanhe Hydropower Station were conducted at the same time. The relative position of the bridge and hydropower station is shown in Figure 2 . During the construction, as shown in Figure 3 , cracks have appeared on the new poured box girder. Builders thought the cracks were possibly caused by blasting excavation, so they suspended construction and analyzed causes of that. As an important factor, blasting vibration was well researched.
Monitoring Plan of Blasting Vibration.
Blasting test based on rock mass excavation for Yesanhe Hydropower Station was aimed to quantitatively evaluate the effect of blasting vibration on the box girder and pier foundation of bridge and put forward scientific and practical blasting vibration control measures. The tests were conducted 3 times, at intake slope, right abutment, and left abutment, respectively. Relative parameters were as follows: blast hole diameter was 90 mm, blast hole depth was 8∼22 m, single hole charge was 70-80 kg, and max explosive quantity of single shot was 141 kg. The test purpose was to get velocity response characteristic of 3#, 4# pier foundation and box girder.
Monitoring
System. Theoretical analysis and engineering practice show that building destruction caused by blasting vibration has a good correlation with PPV. Scholars generally take PPV and corresponding main frequency as control parameters for blasting vibration safety. It is suggested to use PPV as the main index to evaluate blasting vibration safety of buildings in ⟨Blasting Safety Regulations⟩ (GB6722) of China. So we chose PPV and the main frequency as observation physical parameters of blasting vibration.
The field monitoring instruments system consists of vibration sensor, signal acquisition and recording equipment, and data processing system. Its core is TOPBOX-508 vibration signal recording apparatus, shown in Figure 4 .
Monitoring Points Arrangement.
Monitoring work was strictly followed the rules in ⟨Blasting Safety Regulations⟩ (GB6722) and ⟨Blasting Safety Monitoring Regulations in Hydropower Engineering⟩ (DL-T 5333-2005). The tests and monitoring work were on the premise of safety of the bridge and related important facilities. In the test, monitoring points were set at 3#, 4# pier foundation and box girder, shown in Figure 5 . Each point collected blasting vibration velocity in vertical and horizontal radial (perpendicular to the bridge axis) direction. Casting sections and monitoring points on 4# pier are shown in Figure 6 as an example, 5# and 6# points are located at the pier foundation, 8# and 10# points are at edge of the box girder, and 9# point is at center of the box girder.
Monitoring Results.
Through analyzing monitoring results of pier foundation and box girder, we could find that vibration velocities of them were all not over 0.32 cm/s and velocity of box girder was generally larger than that of pier foundation. PPV and the main frequency of pier foundation and box girder are shown in Table 1 . Further analysis of the data has shown that vibration velocity of box girder was 1 to 4 times larger than that of pier foundation. It would be 2.33 times in horizontal radial direction and 2.08 times in vertical direction at the edge of the box girder if we used a weighted average of the velocity to evaluate amplification effect. Also, vibration velocity at center of the box girder was 1.54 times in horizontal radial direction and 1.53 times in vertical direction.
In order to monitor cracks extension caused by blasting, we pasted thin glass sheet across cracks on the girder, shown in Figure 3 . After tests, we found that the glass sheet did not crack and existing cracks did not extend either. That is to say, blasting vibration was not a threat to the safety of the bridge as the field vibration velocity was small.
The cantilever would prolong with the box girder extending during the construction. Construction schedule of 3# and 4# pier was different, so we could compare vibration velocity amplification effect of box girder with different length. Through analyzing monitoring data of 3#, 4# pier and box girder, we find the relationship between vibration velocity and length of box girder is not clear enough. The points at the edge of 4# pier were 17 m from the center of the box girder and vibration velocity was 2.67 times than that of pier foundation in horizontal radial direction while it was 1.97 times than that of pier foundation in vertical direction. On 3# pier, it was 26 m from the center of the box girder but velocity was 1.83 times in horizontal radial direction and 2.73 times in vertical direction. The vertical vibration velocity magnification of 3# was larger than that of 4# while the horizontal radial magnification was smaller.
Numerical Simulation of Blasting Vibration Response of the Super Large Bridge
In the tests, due to low explosive quantity of single shot and long distance, vibration velocity of the super large bridge induced by blasting excavation of Yesanhe Hydropower Station was low, which means blasting vibration was not a threat to the safety of the bridge. To analyze influence of blasting excavation on the bridge with different explosive quantity of single shot, in this paper, we simulated blasting vibration response of young concrete super large bridge based on LS-DYNA. By adjusting the value of input vibration load, we can study the vibration response and safety of bridge under different blasting vibration load.
Model and Parameter
3.1.1. Model. We mainly simulate dynamic response of 4# pier (including foundation, pier, and poured box girder). The box girder was poured section by section and the length of each section from pier to middle of span differed at 3.5 m, 4 m, and 4.5 m. And the construction period of each section was 10 days. Four sections of 3.5 m were poured at both sides of the pier. Model which reflected the real situation (model I) was shown in Figure 7 . Upper part of it is pier and box girder. The pier is 86.5 m high. The body applied double limb variable section rectangular hollow pier. The distance between limbs is 9 m. Lower part is bedrock. Length, width, and height of the bedrock is 87 m, 61.5 m, and 40 m, respectively. This finite element model has 272014 elements, and element type is SOLID164. In order to ensure convergence of the mesh and avoid wave distortion [17] , we need to control the mesh size. In our model, smallest mesh size is 0.38 m, and the largest is 1.17 m. Bottom and side of the bedrock are set to no reflection boundary. Meanwhile, we build model II whose box girder is 14.5 meters longer than model I based on construction schedule to compare vibration response of different extended length of box girder.
Physical and Mechanical Parameters of Bedrock and
Concrete. We thought the bedrock and concrete both meet bilinear elastic-plastic constitutive equations. The physical and mechanical parameters are very important to the vibration response of young concrete. According to measured data, we get parameters of bedrock which is shown in Table 2 . To study the relationship between vibration response and concrete age, we set the latest poured concrete age at 3 d and 7 d, respectively, to control age of each concrete section, as shown in Table 3 . Strength of concrete grows slowly after 28 days, so we regard concrete whose age is more than 28 d as 28 d.
The bridge was poured with C55 high strength concrete. Relationship between the compressive strength and age was different with ordinary concrete. How relative compressive strength changes with concrete age [18] in 28 days is shown in Figure 8 .
The dynamic elasticity modulus can be calculated according to the experience formula (1): where is dynamic elasticity modulus, 10 3 MPa; cu is compressive strength, MPa.
We consider six kinds of concrete age during the simulation. The parameters are tangent modulus of the reinforced concrete = 0.75 and yield strength = 0.4 cu [19] , density was 2500 kg/m 3 , and Poisson's ratio was 0.2. Physical and mechanical parameters of concrete in different ages are shown in Table 4 . We take reinforced concrete as a single material here and adjust the equivalent damping to show the role of steel bar in structure's dynamic response [20] . In the numerical simulation, mass-damping is set to 1.75 and stiffness-damping is set to 0.0005.
Blasting Vibration Load.
In the test at left abutment, we got blasting vibration wave in vertical and horizontal radial direction (perpendicular to the bridge axis) at 4# pier foundation, and PPV was 0.03 cm/s, shown in Figure 9 .
We choose vibration velocity wave near the peak velocity as velocity load during the simulation, as shown in Figure 10 . In addition, we magnify peak velocity to 0.5 cm/s and 2 cm/s without changing other characteristics, so that we can study vibration response of the bridge when vibration velocity at pier foundation is much larger and put forward vibration safety criterion for the bridge under blasting vibration. The velocity load is applied on the side of bedrock, shown in Figure 7 .
Simulation Conditions.
Based on different combinations of model, concrete age, and load, we list the simulation conditions, shown in Table 5 .
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Results and Analysis

Dynamic Response Results of Model I.
According to the point arrangement, we choose three nodes whose numbers are 5315, 86926, and 159837 at the pier foundation, center, and edge of box girder, respectively, shown in Figure 11 . The locations of these nodes are the same as, or close to, the location of the monitoring points. Vibration wave curves of the typical nodes under the load of 0.03 cm/s are presented in Figure 12 .
In order to furtherly study vibration characteristics of box girder, we analyze FFT amplitude of vibration velocity under the load of 0.03 cm/s, shown in Figure 13 . Vibration frequency is mainly distributed from 15 to 20 Hz which is consistent with the monitoring data.
PPV of typical nodes and amplification factors of box girder nodes compared with that of pier foundation are shown in Table 6 .
From Table 6 , we can see that when load peak is given, PPV of nodes change little with age of latest poured section. That is to say the relationship between PPV at the top of box girder and concrete age is little when concrete is poured over 3 days. Vibration velocity at the center of box girder is 1.38 times than that of pier foundation in horizontal radial direction and 1.2 times in vertical direction. Velocity at the edge of the box girder is 3.9 times in horizontal radial direction and 2.42 times in vertical direction. Results of numerical simulation are basically consistent with field monitoring, which proves that PPV of box girder enlarges 1 to 4 times compared to pier foundation and the amplification effect is more obvious at the top edge of box girder. Vibration velocity of the box girder has an approximate linear relationship with input vibration load peak.
For furtherly exploring the damage effects of blasting vibration on the bridge and making sure the relationship between the existing crack and the blasting vibration, we analyze damage factor of the box girder under different vibration load. The main method is regarding dynamic fracture of concrete as a continuous accumulated damage process. Its fundamental point is to establish relationship between damage variable and density of microcracks in concrete and predict the damage process of concrete. We chose the KUS model here, and damage factor is defined as
where is Poisson's ratio and is density of microcracks. Under the velocity load of 0.03 cm/s, the bridge has very low vibration velocity and damage factor is approaching to 0. Under the load of 0.5 cm/s, value of calculated maximum damage is less than 0.0001. If the velocity load is 2 cm/s, vibration velocities of nodes at top of box girder all exceed 2 cm/s and damage factor reaches 0.31. Damage values are shown in Table 7 . We can see that, with the increase of concrete age, the strength increases but damage factor decreases. However, the influence of concrete age on damage factor of box girder is limited when concrete is poured over 3 days. Figure 14 shows damage area generated on the top of box girder; damage occurs at center of the box girder where two half bridges contact. Figure 15 shows time-history curve of the first and third principal stress at the element where maximum damage occurs. The maximum absolute value of first principal stress is 1.86 MPa and that of the third principal stress is 0.36 MPa.
Tensile and compressive stresses are smaller than tensile and compressive strength of concrete. We have not found plastic zone in the numerical simulation. So vibration generated by velocity load such as 2 cm/s could not lead to visible cracks on the box girder. Cracks appearing on the new poured box girder shown in Figure 3 should be caused by other reasons.
Dynamic Response of Model II.
We choose three nodes at the pier foundation, center, and edge of box girder, whose numbers are 5315, 86921, and 165126, respectively, as shown in Figure 16 . From the above, we know that the effect of concrete age on dynamic response and damage of box girder is limited, so we only choose the condition that the latest poured section age is 3 days to simulate. Vibration velocities and amplification factors of typical nodes under different load are shown in Table 8 .
Blasting vibration velocity at the center of the box girder is 2.46 times than that of pier foundation in horizontal radial Shock and Vibration 11 direction and 1.56 times in vertical direction while velocity at the edge is 1.93 times in horizontal radial direction and 2.53 times in vertical direction. Compared with PPV amplification factors of model I and the field monitoring data, the results of numerical simulation well match the monitored results; that is, the amplification factor of the edge in vertical direction increases but decreases in horizontal radial direction with the extension of cantilever casting section. We also get that amplification factors of the center in both directions are larger as the section gets longer. Vibration velocity wave with peak velocity load of 0.03 cm/s is shown in Figure 17 . Compared with Figure 12 , the vertical vibration wave attenuates slower and vibration duration that extends significantly with the section extending.
After analyzing FFT amplitude of vibration velocity with the load of 0.03 cm/s, we find that vibration frequency is mainly distributed from 10 to 20 Hz. It is consistent with the monitored results.
Damage factor increases to 0.32 under the load of 2 cm/s. The maximum of first principal stress at the position where damage is larger is 1.92 MPa while the maximum absolute value of third principal stress is 0.38 MPa. Tensile and compressive stresses are, respectively, smaller than tensile and compressive strength of concrete. We have not found plastic zone in the numerical simulation. So blasting vibration could not lead to visible cracks on the box girder.
Conclusion
Based on monitoring and analysis of blasting vibration for Yesanhe Super Large Bridge in construction, we conduct a numerical simulation about dynamic response of the bridge under blasting seismic and obtain the following conclusions:
(1) Blasting excavation at Yesanhe Hydropower Station does intrude vibration response of Yesanhe Super Large Bridge. Under the condition that maximum tolerant explosive quantity of single shot is 141 kg and the distance is 450 meters, PPV of the bridge is very low. Monitoring data and numerical simulation both show that PPV of box girder enlarges 1 to 4 times than that of pier foundation.
(2) With the extension of cantilever casting section of the box girder, the vibration amplification factor at the edge in vertical direction increases but decreases in horizontal radial direction; amplification factor at the center in both directions increases, so does the duration of vertical vibration. However, the relationship between PPV of box girder and concrete age is little when concrete is poured over 3 days.
(3) In the simulation, vibration velocity of the box girder has an approximately linear relationship with the input load. When the velocity load is less than 0.5 cm/s, damage does not appear on the bridge; when it comes to 2 cm/s, the maximum damage factor at top of box girder is about 0.3. The maximum tensile and compressive stresses are less than tensile and compressive strength of concrete, respectively. Blasting vibration is not a threat to the safety of the bridge. So we can conclude that cracks appearing on the new poured box girder should be caused by other reasons.
